Introduction
Light pollution is a rapidly growing global problem that can profoundly affect the behaviour of animals active at night [1] . Approximately 69% of mammals are nocturnal and one-third of these are bats. This taxon has a perilous conservation status-17% of species are listed as endangered or near threatened by the International Union for Conservation of Nature [2] . Given their importance as ecosystem service providers [3] [4] [5] , and the potential for artificial lighting at night to exacerbate other conservation threats such as habitat fragmentation and climate change [1] , serious consideration must be given to the potential positive and negative consequences of artificial lighting at night.
As the only mammals capable of true flight, bats are able to exploit widely dispersed ephemeral food supplies. Their nightly foraging movements exceed those of many other mammals, and lactating females will make multiple trips, returning at intervals to suckle their young. Long-distance movements are also undertaken, particularly when the animals switch between breeding, mating and hibernation sites. Avoidance of lit areas could therefore result in the effective division of habitat available to bats, with all of the potential consequences for migration, colonization, inbreeding and population extinction associated with other forms of habitat fragmentation [6] . Conversely, if insect prey are concentrated into smaller areas as a result of their attraction to light [7, 8] , then foraging efficiency could be increased with potentially positive implications for & 2015 The Author(s) Published by the Royal Society. All rights reserved.
those bat species able to exploit this resource. In the UK at least, lighting has therefore been considered a positive form of habitat management for some bats [9] . This paper will review the evidence for lighting affecting bat behaviour and movements, considering both ultimate and proximate mechanisms. It will also present the largest scale surveys to date on the impacts of lighting on the activity of common bat species in both the immediate vicinity of artificial illumination and across large areas subjected to different amounts of light.
(a) Attraction and repulsion
Few aerial predators are active at night, and therefore nocturnal behaviour offers bats considerable protection [10, 11] . However, trade-offs between emergence time (and consequent risk of predation) and the need to fulfil energetic demands are likely [12] : in many species, lactating females, which have very high energy requirements, emerge earlier than other age/sex classes [13] [14] [15] [16] . Emergence times also appear to be linked to both flight speed and diet, with later emergence being observed among slow-flying species (those with a low wing loading, that is, mass/wing area) and pregnant bats (which are less able to escape predators due to being less manoeuvrable) [13, 15, 17] . On overcast evenings, and where roost entrances are shaded, bats emerge earlier, presumably taking advantage of the protection from predators [13, 17] . For aerial hawking bats such as Pipistrellus spp. and Nyctalus spp. that feed predominantly on insects with crepuscular activity peaks, prey availability rather than light levels will be a key constraint on their activity patterns. By contrast, gleaning bats and moth specialists (e.g. Barbastella barbastellus, Myotis nattereri, M. bechsteinii) would be expected to be particularly sensitive to lighting as they experience less selective pressure to emerge before complete darkness [12, 17] . Nonetheless, even Pipistrellus bats appear reluctant to fly in lit conditions in the laboratory [10] .
Information on the responses of bats to natural light allows predictions to be made about the potential effects of artificial night lighting. For example, as expected, the illumination of buildings delays roost exit times [18, 19] , and also appears to have negative consequences for reproductive success [20] . It would also be predicted that the most extreme aversive responses to light would occur in animals that naturally emerge late to forage (slow flyers that are not dependent on crepuscular prey). These bats often conduct 'light sampling' behaviour prior to emergence. This is thought to have evolved to minimize the risk of predation by ensuring that they remain within the roost until diurnal predators are no longer a threat [21] , and to enable the animals to constrain their endogenous circadian rhythm to a 24 h cycle [22] . Conversely, less sensitive species could exploit the high density of insects that accumulate around lights [23] . The available evidence supports these predictions. Lasiurus spp., Eptesicus spp., Nyctalus spp. and Pipistrellus spp.-all bats with high or medium wing-loading and fast flight-have been observed catching insects at street lights [24] [25] [26] [27] [28] [29] [30] [31] [32] , whereas gleaners and flutter-detectors, such as Rhinolophus spp., Plecotus spp. and Myotis spp., rarely if ever forage at street lights [33] . The ability of bats to exploit these concentrated feeding resources may also be limited by other factors. These range from the lack of suitable commuting routes to provide access to potential foraging patches, particularly in urban and suburban landscapes [34, 35] , to unexpected effects such as an increased risk of collision with stationary objects for bats flying in light compared with dark conditions [36, 37] . Finally, animals under energy stress (e.g. lactating females) may be expected to be more likely to forage beneath street lights, given that they are known to be more tolerant of natural light and have high prey requirements [13, 17] . Observations made on the behaviour of Eptesicus nilssonii are consistent with this hypothesis [31] . It has also been noted that although reduced activity in the open is generally observed under bright moonlight [38] , bats attending swarming sites do not show the expected lunar-phobic responses [39] . Further work is warranted to explore within-species variation in light tolerance and identify whether aversive responses are constrained during periods when particular activities, such as mating or lactation, occur.
The presence of artificial lighting may act as a barrier to the movement of some species. Experimental work in southern England has demonstrated that the activity of Rhinolophus hipposideros was reduced approximately fivefold when highpressure sodium lamps were introduced on hedgerows close to roosts [40] . The timing of activity was also delayed by approximately 50 min on nights with lighting treatment compared with controls. Similar results were obtained with light emitting diode (LED) lights, with reductions in activity being seen between high and medium light intensities, but not between low and medium intensities [41] . Neither lighting type had a significant effect on the activity of Pipistrellus spp. or Nyctalus/Eptesicus spp. The effects of halogen lighting on Myotis dasycneme behaviour has also been investigated experimentally at four sites in The Netherlands [42] . Here, lights had no clear effects on the number of passing bats, and nor did bats make increased use of an alternative commuting route when just one of two possible routes was lit. However, light did reduce the percentage of feeding buzzes by more than 60%, despite a general increase in prey abundance. In addition, between 28 and 42% of pond bats altered their flight trajectory when they approached a light; and if the bats were obliged to fly straight into the beam of light because of the presence of other barriers, virtually all (96%) turned around. It is therefore clear that lighting has the potential to alter the commuting behaviour of at least some bat species. However, the responses may be complex depending on the availability of alternative routes in the landscape, and the extent to which lights actually prevent bats accessing otherwise suitable (dark) foraging areas remains unclear.
(b) Changing lightscapes and spectral perception by insects and bats
The amount of lighting in the environment, as well as the intensity of individual lamps, is changing rapidly. In the UK, illumination is estimated to be increasing at approximately 3% per annum [43] , while across the globe, the spread is approximately 6% per year [44] . Much of this is attributable to urbanization, the expansion of the road network, and increases in the amount and brightness of carriageway lighting. The spectral composition of artificial lighting is also shifting, driven by the need to improve energy efficiency, together with a desire for broad-spectrum white lighting that closely mimics daylight in its colour rendering abilities. Orange and yellow sodium lights, which currently predominate, are therefore being replaced by metal halide, incandescent lights (including halogen), compact fluorescent and other types of new technologies that emit white light; or with LEDs which can be designed to produce light of any colour (frequently white) [45] . Most lighting in the UK is yellow high-pressure sodium: traditional white mercury vapour lamps are no longer legal, and inefficient orange low-pressure sodium lamps are being phased out. Nevertheless, orange low-pressure sodium remains a major type of lighting in Ireland and also in rural districts of the UK. On highways, new and replacement lighting is usually lower wattage high-pressure sodium lighting or metal halide, with LEDs and other new technologies, e.g. compact fluorescent lights, tending to be too expensive except in special circumstances. However, these new technology lights are increasingly used in town centres where pedestrian safety is paramount, and in residential areas where the installation costs are frequently borne by developers.
The attractiveness of lighting to insects, and therefore to bats that exploit these congregations of prey, is linked to the amount of short-wavelength light produced, particularly ultraviolet (UV). Traditional mercury vapour lamps produced large amounts of UV light and had high attractiveness [7, 25, 29, 33, 46, 47] . There is also evidence that the acoustic defences of tympanate (hearing) moths, which allow them to evade hunting bats, are compromised at mercury vapour lights [48] . By contrast, the replacement orange low-pressure sodium lamps are effectively monochromatic, producing no UV, and are therefore much less attractive to insects or bats [25] . The newer pinkish-yellow high-pressure sodium lights have a broader spectral composition, but still relatively little short-wavelength emissions. Like low-pressure sodium, they are therefore much less attractive to insects than mercury vapour: several studies report that insect abundance is around 50% lower, and moths 75% lower [7] at high-pressure sodium compared with mercury vapour lights. Therefore, it is possible that the ecological implications of night lighting have been limited by chance over recent decades due to the replacement of short-wavelength mercury vapour lamps by sodium lighting. The effects of modern lighting technologies that are superseding mercury and sodium lamps are also likely to vary according to their spectral composition [46, 49] . For example, metal halide luminaires, which are currently replacing sodium ones along many British motorways, produce more short-wavelengths than do LEDs [45] ; and even LEDs, despite having little UV, contain variable amounts of short-wavelength emissions. Unfortunately, current models of the effects of lighting on invertebrates have poor predictive power [50] and more work is urgently required to resolve conflicting evidence on the effects of LEDs [51, 52] . Nevertheless, negative ecological impacts have been reported for some species [46, 50, 51] .
In addition to affecting bats indirectly through impacts on prey distribution, spectral composition may also directly affect bat behaviour. A wide range of species are now considered highly likely to perceive colour, possessing both retinal cone cells [53] [54] [55] and a functional long-wave M/LWS gene [56] . This corresponds to ecological evidence of disturbed emergence patterns from bat roosts illuminated by red [18] or blue light [19] . Recognizing the potential disorientating effects of night lighting on migratory birds, green LED lighting which has fewer adverse effects [57, 58] (e.g. the Philips 'Clear Sky' bulb) is now being deployed at some oil rigs [59] and highway junctions in The Netherlands. However, different solutions may be required for bats as they can readily perceive green light. A number of other LED lamps, including Philips 'Clear Field' and the 'Bat-lamp' patented by the Dutch Roads Agency, have therefore been designed to produce narrow band-width amber light (ca 600 nm), and their impacts on bats are currently being tested.
Perhaps surprisingly, recent evidence from behavioural and physiological investigations shows that bats also have high sensitivity to ultraviolet light. This characteristic appears to be widespread, though absent from Rhinolophus bats and cave-dwelling fruit bats [60] [61] [62] . Molecular evidence based on the presence of a functional short-wave SWS1 opsin gene supports these findings [56] . Lighting types which include UV, such as metal halide, are likely, therefore, to be more disturbing to light-shy non-horseshoe than to horseshoe bats. There is also the possibility that prolonged exposure to shortwavelength light may cause retinal damage [63, 64] . This is a cause for concern given the longevity of bats, particularly for groups such as Nyctalus which regularly forage close to lamps and also fly long-distances in the open. Such species are likely to rely extensively on vision for navigation due to the short effective range of echolocation in identifying objects such as trees and woodland edge in the landscape [65, 66] .
(c) Landscape-scale effects
The potential impact of lighting is modulated by its position within the landscape. For example, the lighting of woodland edge may be more damaging than comparable lighting in open areas due to the enhancement of 'edge effects' [67] that limit the movement and foraging of light-shy species. At some times of the year, large congregations of animals can form at swarming, hibernation and maternity sites. Lighting adjacent to such sites therefore has the capacity to influence large numbers of individuals. However, bats also disperse very rapidly, so that encounter rates can diminish to close to zero even within 0.5 km of a major roost. Therefore, if negative effects are local (e.g. aversion to travelling close to a light), then provided most of the landscape remains unlit, the ecological impacts may be limited. Conversely, if the functionality of key commuting routes or mating/swarming sites is destroyed by lighting, then there may be important population effects from even small amounts of lighting. Theoretical predictions have been made about the resistance generated by lighting to movement through a habitat matrix [68] . These now need to be tested empirically, informed by species-specific work that establishes the minimum sizes required for the ecological function of dark foraging patches and commuting corridors.
Given that bat guilds respond differently to lighting, alterations in community composition might be expected when light is introduced into a dark landscape. There is tentative evidence that competitive exclusion from Swiss valleys of light-shy R. hipposideros by potentially more light-tolerant P. pipistrellus has already taken place [69] . Even in the absence of competitive exclusion, lights undoubtedly create accumulations of insect prey species, which are presumably matched by corresponding reductions in availability in dark areas (the 'vacuum effect').
The effects of such decreases in prey availability on bats have not been explored. There could also be a change in invertebrate community composition due to differences between species in response to lighting. For example, larger moths such as noctuids are particularly attracted by short-wavelength light [46, 70] , and insects which emerge from aquatic environments seem to be drawn to lights over longer distances than are terrestrial species [71] . It may be that some bats are able to exploit this rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140124 change: for example, it has recently been suggested that P. kuhlii, the commonest bat at streetlamps throughout southern Europe, has undergone an alteration in its cranial morphology over the last century, developing larger mouthparts that would be adaptive for a dietary switch from soft-bodied dipterans to hard-bodied moths [72] . In addition to the changes in predation, the high fatality rates of insects at lights, and the diversion from other vital activities such as foraging and mating, would be expected to affect population and community structure in invertebrates. Such changes have been demonstrated in other groups (e.g. [73] ) but not yet specifically in bat prey species.
The implications of street lighting for bat conservation could be considerable. However, most research pre-dates the use of high-pressure sodium and other modern lighting types. Much recent work has also focused on rare species, yet, as in other taxa [74] [75] [76] [77] , common and widespread bats such as Pipistrellus, Nyctalus and Eptesicus have important roles in ecosystem function. The two most abundant bats in Europe are P. pipistrellus and Pipistrellus pygmaeus [78] : in Britain and Ireland, they are estimated to be an order of magnitude more abundant than the next most common species (current best estimates of populations for P. pipistrellus is 2 430 000 and P. pygmaeus is 1 300 000 in UK [79] ). Along with Nyctalus and Eptesicus bats, they are likely to have high encounter rates with lighting due to their use of edge and open habitats. We therefore set out to test whether there was evidence for the common assumption, based largely on observations of feeding activity at street lights [23, 25] , that Pipistrellus, Nyctalus and Eptesicus bats are light-attracted rather than light-neutral or light-shy [9] . At a broad spatial scale relevant to many conservation policy decisions, we investigated whether bat activity and species composition varied in landscapes with different lighting profiles. Then at a finer spatial scale, we investigated whether bat activity depended on local lighting conditions and whether habitat modulated the effects of lighting.
Material and methods
Our studies were conducted at three spatial scales. These were multiple 1.6 km transects distributed across Ireland, short sections within transects of approximately 16 km in one English region, and localized point effects monitored using static passive acoustic recorders at multiple sites in southwest England. The analyses focused on P. pipistrellus, P. pygmaeus, Nyctalus noctula, N. leisleri and Eptesicus serotinus, which were the species most commonly recorded.
(a) Transect surveys
In Ireland, the transect surveys were conducted by car as part of an ongoing project to survey population trends at a wide spatial scale [80] . In each of twenty-eight 30-km grid squares (i.e. 28 Â 900 km 2 ), volunteer surveyors drove a predetermined route. Each route included 15 Â 1 mile (1.6 km) transects. Two replicate surveys of each route were made each year from 2010 to 2013, the first between mid-late July (Survey 1) and the second in early-mid August (Survey 2). Each survey began 45 min after sunset and was driven as closely as possible to a constant speed of 24 km h
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. A time-expansion detector (Tranquility Transect, Courtpan Electronics) was linked to a recording device such as a minidisc, digital recorder or android smartphone. The timeexpansion detector was set to record for 320 ms then replay the sound at Â10 time expansion. The weather conditions were recorded at the start of the survey, and volunteers were instructed to avoid beginning surveys under conditions likely to be unsuitable for bats (heavy rain, temperature less than 88C or high wind).
Data on street-light types were collected every year by surveyors. To enable identification of the various types of lamp, illustrations of high-pressure sodium (yellow) and low-pressure sodium (orange) lights were provided with the survey information pack so that survey teams could distinguish the two types. White street lights were recorded simply as 'white' with no attempt being made to distinguish the various potential forms either by surveyors (because of the difficulties of distinguishing types from a moving vehicle), or retrospectively (no information is available on the relative abundance or distribution of the different types in use in Ireland; until relatively recently the main type of white light used for street lighting was mercury vapour). Because of the use of volunteer surveyors, there were some inconsistencies in the numbers of lights reported. Analyses are therefore based on the median count for each transect. Percentage cover of built environment habitat types were extracted for each transect from the Corine Land Cover map for Ireland 2006, which employs remotely sensed data (variables: urban (classes 112 and 113); other built environment (classes 121, 131 and 142)).
The English survey used 22 bicycle transects, with one survey per night being conducted in May-June 2007 during periods of good weather (more than or equal to 108C at dusk; wind less than Beaufort 4 and no heavy rain). An Anabat SD2 detector (Titley Electronics, Australia), which recorded zero-crossing signals in real time was linked to an eTrex GPS Personal Navigator (Global Positioning System: Garmin, KS, USA) that recorded location every second. The detector was carried at an angle of 458 from vertical during the survey and was triggered automatically during the recording period. Sound files were saved onto a compact flash card and were later analysed using ANALOOK (Titley Scientific, Australia). All transects began at sunset, and surveyors rode at a speed as close as possible to 16 km h 21 for approximately 1 h (precise durations and distances differed slightly between transects). A different transect was used on each night, and although transects occasionally crossed because of road configurations, care was taken to ensure that transects sampled different areas and were at least 0.5 km apart for the majority of their length. Daytime surveys were conducted to record the habitat characteristics of the transects (table 1) . Lighting type was assessed by inspections during both daylight and nighttime, with judgements being based on the shape of bulb and housing, the colour of the light and information from the local council (note that no LEDs were in use at the time of this survey). Transect sections were defined in the field on the basis of representing stretches of broadly consistent habitat. For example, a new section started where the street-light type changed; if urbanization changed from none to low-density rural; or if habitat changed from arable to broad-leaved woodland. The presence or absence of water within a 100 m radius of any point on the transect section was then recorded. We cannot exclude the possibility that the same bats were occasionally sampled in transect sections that were close to each other. However, given that the surveyor passed through the transect section at a moderate speed, it is unlikely that this problem would be sufficient to materially alter the results. The 12 transect sections that had different types of lighting on the opposite side of the road or were lit with metal halide were excluded from the analysis, due to small sample sizes (7 and 5, respectively), leaving 350 transect sections for analysis.
(b) Static detector surveys
For the static detector survey, data were collected using SM2 BAT full-spectrum bat detectors (Wildlife Acoustics, USA) at eight study areas (each of radius 4 km) in the southwest of England. The study was conducted from late April to June 2013. A total of 188 detector locations were used, with between 16 and 30 detectors (median 24) being deployed simultaneously within each study rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140124 area. In order to maximize the opportunity to separate out the effects of lighting from those of habitat, all of the detectors were positioned in treelines or along overgrown hedgerows considered to provide good habitat for foraging and commuting bats. The detectors were therefore predominantly positioned in rural areas (e.g. lights at road junctions) and at the urban-rural interface. A paired study design was used, with a 'light' detector being placed beneath a high-pressure sodium light, and a 'dark' detector being placed in an unlit position at least 100 m from the nearest street light but otherwise as close as possible to the 'light' detector and within the same habitat type. The variations in the number of pairs used at each site resulted from differences in the numbers of street lights adjacent to suitable hedgerows or treelines, and occasionally also the lack of suitable habitat pairings. The omni-directional microphones (SMX-US, Wildlife Acoustics) were fixed in a horizontal position at 1.5 -2.0 m above ground level, and the detectors were programmed to record automatically from 30 min before sunset until 30 min after sunrise each day. The detectors were left in place for four to eight nights (median 5; one site each had deployments of two and 10 nights), providing a total of 1050 detector-nights for analysis. Despite the paired structure, there was some residual variability in the amount of built environment adjacent to the 'light' and 'dark' detectors, as street lights are generally placed in areas with greater amounts of built environment.
(c) Acoustic analysis
All sound analyses were conducted using relevant reference guides for species found in the UK and Republic of Ireland [83] [84] [85] , and were based on the maximum and minimum frequencies, repetition rate, slope, pattern of call type (e.g. alternating constant frequency/ frequency modulated calls) and call duration. In the case of timeexpansion and real-time recordings, the peak energy frequency was also recorded. In cases of doubt about the species identity, judgements were made after discussion with experienced users of sound analysis from outside the research team, and where necessary the bat was recorded to genus or classified as unidentified. Verification of the species identification was conducted by a second assessor for a subset of the data (ca 1% for the transect surveys, 0.1% passive acoustic surveys using static detectors). Data recorded using Anabat detectors were analysed using ANALOOK (Titley Electronics, Australia), and time-expansion data were analysed using BATSOUND (Pettersson Elektronik, Sweden). Pipistrellus spp. calls that exhibited a maximum energy peak in the quasi-constant frequency component at 48-51 kHz (or in the case of frequency-division calls a peak in cycles between these frequencies) were recorded as 'unknown pipistrelle' because they could not be identified with certainty to be either P. pipistrellus or P. pygmaeus; other pipistrelle calls were identified to species.
The data collected using static SM2 detectors were processed using KALEIDOSCOPE Pro (v. 0.1.1.20, Wildlife Acoustics) with British bat classifiers (v. 1.0.5). We have previously manually verified the ability of this system to classify calls in the same way as assignment by human observers using a separate sample of 190 631 calls [86] . Taking human classification as 'the gold standard', 97% of species identified as common and soprano pipistrelles are given the same classification using the automated identification. In addition, we manually verified 778 files from the present study and found Defined following classification of urbanization used previously for work on habitat selection in P. pipistrellus and P. pygmaeus [82] .
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140124 that 99.5% of automatically classified calls were assigned in the same way when human classification was used; we therefore accepted the automated classifications for these species in this project. Given that the automated identification system does not distinguish bat passes (as conventionally defined as a continuous run of pulses not separated by a time gap of more than 1 s [87]), we here consider a file to be the equivalent of a pass. Our previous work indicates that multiple passes of the same species in relatively low activity areas (away from roosts and swarming areas) occurs in approximately 4% of files and that the nightly estimates of bat activity obtained from 'files' and 'bat passes' are not significantly different. The main constraint of using automated identification is that where two bats of different species are present in the same file, only a single classification is given. Some under-recording of species diversity is therefore possible. However, given the extensive sampling frame used in the project, together with the fact that the finding of multiple species within a file was rare among the pipistrelle data checked manually, it is unlikely that such under-recording will have materially altered the results. All files containing Nyctalus spp., E. serotinus and P. nathusii calls, together with all those that were not allocated a species identification, were manually checked following the procedures previously described for the other acoustic analyses.
(d) Statistical analysis
The bicycle and car transect surveys conducted in England and Ireland, respectively, were analysed separately due to their different survey designs. In both cases, activity was summarized for illustration as passes per minute.
In the Irish study, data were analysed at the transect level because the speed of the survey meant that there were a low number of passes within any given subsection. Activity was defined as the overall number of passes per transect divided by the survey time, with data being log 10 transformed (log (rate þ 0.1)) prior to analysis. Initial explorations were conducted using the overall mean pass rate for each transect, averaged across repeats and years. The link between bat activity and the amount of street lighting (log(total number of lights per transect þ 1)) was assessed using restricted maximum-likelihood models, adjusting for the degree of urbanization (log (% urban) and log (% other built environment)). Colour differences in the effects of street lights were then modelled by including separate terms to represent the amount of street lighting of each colour (log (number of lights þ 1)). More complex models were built to account more fully for the structure of the survey. Repeat (first or second survey) was treated as a fixed effect and, to account for the spatial autocorrelation in the data, grid square was included as a random effect, along with the interactions between grid square and transect, year and repeat. To help visualize the results, numbers of passes per minute were predicted when no lights were present, or when there were 20 lights per transect of the appropriate colour. Predictions were averaged on the log-scale over other terms in the model; their absolute value is not necessarily realistic, but their values provide an impression of the relative magnitude of effects. The links between weather conditions and bat activity at the level of the survey square (i.e. combining the 15 surveys completed in one night) are reported elsewhere [80] : there were no significant links with P. pipistrellus or P. pygmaeus activity, though there is a consistent link across years between temperature and N. leisleri activity. However, even for the latter species, given that each transect was repeatedly surveyed under variable weather conditions over years, and each survey square contained multiple transects surveyed on the same night, it is highly unlikely that any effect of lighting would be confounded by weather, and therefore this variable is not considered further. All of the analyses were conducted in GENSTAT v. 17 [88] .
In the English transect study, the links between the presence or absence of bats and street lighting were investigated using generalized linear mixed effects models (GLMERs) with binomial error structures and a logit-link. The varying duration of each transect section was accounted for using an offset (log(transect duration)), and transect identity was specified as a random effect to allow for non-independence of sections within transects. The amount of activity was investigated similarly but used a Poisson error structure and a log-link, and the standard errors were corrected to account for over-dispersion by adding a random variable with a distinct level for each observation in the dataset [89] .
Prior to fitting the models, we explored the correlations between potential predictor variables. The variables 'urban' and 'habitat' were highly correlated-both included a measure of built environment (Spearman's rank correlation coefficient r ¼ 20.831). 'Urban' was therefore selected for inclusion in subsequent models as this variable had the greatest influence on the Akaike information criterion (AIC) value. In addition, because of the relatively high number of potential predictors with multiple levels in relation to the numbers of degrees of freedom, we conducted an initial screening and included only those variables that showed some association with the outcomes (using a relaxed inclusion criterion of p , 0.1). Road type was therefore excluded. Model selection then used a backwards manual process until the minimum adequate model was obtained (the random effects were retained in all models as they were part of the study design). First-order interactions between lighting and other fixed effects were considered, but other interactions were not used due to sample size constraints. Model comparisons were based on inspection of AIC values, and tests of significance between alternative models were based on likelihood ratio tests of change in deviance (indicated here as x 2 ). For the purposes of illustration, raw data were plotted, with standard errors being computed for proportions using the Wilson method (the results were similar to the predicted values from the models with random effects set to zero).
For the static detector survey, nightly bat activity at 'light' and 'dark' detectors was compared using GLMERs, with either Poisson or negative binomial error structures and log-links. Where appropriate, an observer-level random effect was also included in the model to correct for over-dispersion. Pair identity and site were specified as random effects to account for the spatial structuring of the data. The fit of the models was assessed by inspection of the residuals, examination of AIC values and consideration of the dispersion parameter.
The analyses of both the English studies were conducted using R (v. 3.0.2) [90] with the packages LME4 v. 1.1-7 [91] and glmmADMB v. 3.1.0 [92] . Post hoc comparisons between levels of a predictor were made using Tukey's Honestly Significantly Different test and by computing confidence limits for estimates using the packages 'Multcomp' v. 1.3.6 [93] (for explorations of simple models without interactions) and with Horn pairwise distances in 'phia' 0.1-5 [94] (for models with interactions).
Results (a) Comparison of study designs
All of the studies had sodium lamps as the dominant lighting type. Both the Irish and English transect surveys both had a roughly equal split between low-and high-pressure sodium lighting. In the English study, there were 93 yellow high-pressure sodium transect sections; 115 orange low-pressure sodium transect sections; and 142 were dark. In Ireland, 67 transects had yellow lights (18 had more than or equal to 10 yellow lamps); 111 had orange lights (16 had more than or equal to 10 orange lamps); and 55 had white light (two had more than or equal to 10 white lamps). The landscape was sampled at a very broad scale in the Irish study, and therefore the transects were relatively dark and the distribution of streetlamp rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140124 numbers was skewed: over 95% of them had fewer than 20 lamps per 1.6 km, 60% were completely dark, while small numbers were highly illuminated. By contrast, the English transect study deliberately over-represented suburban and urban areas in comparison to their availability in the landscape overall, and the 'lit' transect sections were illuminated throughout their length. The English static survey set out specifically to separate the effect of habitat from that of roadside lighting in areas of apparently good quality for bats. It therefore focused on rural areas and the interface between built and rural environments, and over-sampled lit areas in these habitats compared with their availability. All the lights in this study were high-pressure sodium.
All three studies recorded similar bat activity levels (0.6-2.0 total passes per minute). However, the static surveys recorded throughout the night, rather than just for a short period close to sunset when the activity of common bat species tends to peak. The similarity in average activity levels compared with transect surveys, despite the inclusion of these low activity periods, implies that the static detector sites had higher activity than the transect sites in the early part of the night, reflecting the deliberate selection of favourable habitat for this study. The great majority of recordings were Pipistrellus spp. The ratio of common : soprano pipistrelles was approximately 2 : 1 in the Irish study compared with 11 : 1 in the English transect study and 4 : 1 in the static survey. The Irish study also recorded a substantial number of N. leisleri (24% of all passes; n ¼ 1685), a species rare in England. In comparison, the next most abundant species in the English static survey contributed a very small proportion of total calls (1.6%; n ¼ 4133 of the total were Nyctalus/ Eptesicus spp. combined). Nyctalus noctula and E. serotinus (species absent in Ireland) were found at all eight study sites, whereas N. leisleri were identified at six of the eight sites and formed just 0.02% of the total calls.
(b) Transect surveys
The Irish study recorded 2950 P. pipistrellus, 1563 P. pygmaeus and 1685 N. leisleri. Results are also presented for all pipistrelles combined, which includes 627 pipistrelle passes that could not be identified to species.
The activity of common and soprano pipistrelle bats did not vary with the density of street lights (all colours combined), although there was a significant positive association for N. leisleri. These patterns remained unaltered by adjusting for the amount of built-up habitat within the transect (P. pipistrellus
The positive association of N. leisleri activity and lighting levels was present for each colour of lighting individually (orange F 1,392 ¼ 3.98, p ¼ 0.047; yellow F 1,396 ¼ 10.28, p ¼ 0.001; white F 1,397 ¼ 3.13, p ¼ 0.078 in model adjusted for habitat), whereas pipistrelle activity was not associated with lighting of any colour (figure 1a). In the more complex models that allowed for the potential temporal variation in bat activity between surveys, the same general patterns were found, with minor differences in the relative effect sizes for the different lighting colours (figure 1b).
The English study considered 350 transect sections. Most (86%) of the 275 bat passes recorded were pipistrelles (P. pipistrellus n ¼ 165; P. pygmaeus n ¼ 15; unknown Pipistrellus spp. n ¼ 56). The probability of bats being present or absent in a transect section varied according to lighting conditions. Dark transect sections were more likely to have bat passes than lit sections: of the sections where pipistrelles were recorded, 69% were dark environments compared with 21% in low-pressure sodium and 10% in high-pressure sodium. In GLMERs without any other habitat variables, lighting was significantly associated with both P. pipistrellus and total Pipistrellus bat presence (P. pipistrellus
p , 0.0001). Sections lit by low-pressure sodium had a 3.3 times lower (95% CI 3.32, 3.26; Tukey p , 0.001) probability of P. pipistrellus presence than did dark sections, and highpressure sodium had a 6.7 times lower probability (95% CI 6.68, 6.74; Tukey p , 0.001). The minimum adequate GLMER model indicated that urbanization, tree cover and lighting type were all predictors of bat presence and that there was an interaction between lighting type and tree cover (P. pipistrellus interaction
This effect is illustrated by the raw data shown in figure 2a: Pipistrellus presence showed little relationship with tree availability in dark areas, whereas it increased with tree shelter in lit areas.
Similar patterns were obtained when the amount of bat activity, rather than the presence or absence of bats, was used as the outcome measure. Activity was lower in lit than dark transects (overall effect of lighting type on P. pipistrellus in simple GLMER excluding other habitat variables, 
Discussion and recommendations
We have investigated the implications of lighting for abundant and widespread bats with important ecosystem functions. Pipistrellus pipistrellus, P. pygmaeus, N. noctula, N. leisleri and E. serotinus are all generally considered light-attracted, potentially using the insect congregations that accumulate at street lamps [9, 23, 25, 95] . However, in the largest investigation to date, we show that their activity is not increased, except possibly for N. leisleri and for P. pipistrellus under certain habitat conditions. The reasons are uncertain, but bats appear to rely on vision in lit conditions despite their limited capability for fine spatial resolution in bright light: experiments have shown bats to have an increased propensity to collide with stationary objects in light compared with dark conditions, even though there was no change to their echolocation patterns [37] . Similar mechanisms may compromise the ability of bats to achieve feeding benefits from insects congregated at lights [41] . For P. pipistrellus, activity was actually lower in the lit habitats studied in the English transect study except for where dense tree cover was available, and in the widest scale study (Irish transect study) we found no evidence for increased activity of pipistrelles in transects with lights. This observation was explored further in our large-scale static detector survey, using paired sites with good cover and similar habitat. Here, P. pipistrellus activity was approximately twice as high in lit than dark areas. This may be because the cover provided by trees offset the increased predation risk associated with light conditions, or because lamps adjacent to trees were particularly insect rich. Alternatively, there could be other benefits from flying close to trees, such as favourable microclimate, which outweigh any disadvantages associated with lighting. Nyctalus leisleri activity was positively associated with street lighting in the Irish study (our only project which had a reasonable sample size for this species). This contrasts with a recent report where no difference was observed at orange low-pressure sodium or white mercury vapour lights [95] , possibly reflecting the large sample size in our study, and confirms earlier reports from Ireland of this species being light-attracted [26] .
The lightscape is rapidly changing, and most of the white mercury vapour lamps associated with increased bat activity in previous surveys (e.g. [25, 30, 33, 95] ) have already been replaced. Similarly, energy-inefficient orange lowpressure sodium lights which have low insect attractiveness [7, 25] and are generally considered neutral for bats (e.g. [25] though see [95] for a report of positive effects on both P. pipistrellus and P. pygmaeus) are being replaced, frequently with yellow or white lighting which has greater impacts on insects. In our work, yellow high-pressure sodium lighting was not linked with increased abundance of N. noctula, E. serotinus or P. pygmaeus, and it is now important to test the impacts of replacement white lighting types on common bat species. Further exploration of the effects of high-pressure sodium lighting in open habitats, rather than those with good tree cover, would also be helpful.
Our studies have the advantage, compared with short-term experiments, of exploring the effects of lighting on animals that have been given the opportunity to habituate to their environment. We used a combination of transect and static detector methods. The transects enabled us to study activity over a gradient of habitats, with their representation reflecting their availability in the sampled landscapes. They therefore give the best available impression of the overall effect of lighting at the landscape level relevant to populations. By contrast, the intensive monitoring of a large sample of closely paired sites provided the best opportunity for disentangling the effects of lighting from those of local habitat variations, using sites that provided favourable habitats for bats.
With the exception of N. leisleri which is common in Ireland, and possibly for P. pipistrellus under certain localized habitat conditions, our work suggests no positive effect of lighting on the most abundant bat species found across Europe. Lighting is therefore likely to contribute to biotic homogenization not by providing more favourable conditions for common species, such as pipistrelles, as previously proposed [69] , but by being differentially worse for light-sensitive bats (e.g. Plecotus spp., Myotis spp. and Rhinolophus spp.). Such species are likely to be excluded by lighting from otherwise suitable habitat such as roadside treelines. It is therefore vital that large-scale studies are now conducted for these species, for example on roads adjacent to woodlands, and that use is made of recent evidence on the sensitivities of different genera to lighting spectra. While some information can be gathered from focal studies and local experimentation, these studies must be accompanied by assessments over wider spatial scales. In addition, detailed work is needed to assess the size and connectivity of dark patches necessary for them to retain their ecological function as corridors or foraging areas. For example, if lighting affects only a small proportion of all potentially suitable areas for bats, then even marked local effects in the immediate vicinity of street lights may have little effect on the total distribution of foraging bats in the landscape unless they happen to coincide with key commuting routes.
To date, research has focused on the local effects of point illumination, such as delayed emergence or altered flight paths. However, other equally important aspects of lighting have not been explored. Sky glow, the illuminance caused when lighting is reflected from clouds, results not only in the 'glow' in the sky, but also a wide-scale increase in ambient light sufficient to obscure the stars. Under these conditions, bats are readily visible to the human eye, with consequences for predation risk and bat behaviour. In rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140124 addition, there may be impacts on navigation. The afterglow from sunset is used for orientation after roost emergence in E. fuscus [96] , and sky glow reduces the visibility of sunset.
Good lighting design can help to reduce sky glow, by restricting the upward spillage of light (though some bounce from reflective surfaces such as roads and waterbodies is inevitable). However, even with downward-facing lights, the glare from street lights, and even from car headlights, is visible in the horizontal plane over a distance of many kilometres. This issue is exacerbated where the lights are in elevated positions such as hillsides. At least two consequences are possible. First, the lights may signal the general unsuitability of an area to bats (or possibly act as an attractant for large fast-flying species such as N. leisleri), leading to altered habitat use over a large spatial scale. Second, the high contrast between lights and the surrounding dark landscape might make it difficult or impossible for animals to see adjacent features used for foraging or roosting such as hedgerows, woodlands, buildings or lakes. The rod cells in the mammalian eye operate best at low light intensities, and over-stimulation, caused by viewing a bright light, results in the rods becoming unresponsive for periods of more than 10 min [97, 98] . The greater the contrast with the surrounding environment, the worse this problem becomes. Security lights in an otherwise dark environment may therefore have profound adverse effects, whereas visual acuity may be less affected where there is also sky glow or moonlight. Given the short range over which echolocation is effective [99] , even 'light-shy' species such as the Pl. auritus use sight to help identify tree holes, while homing and long-distance navigation are dependent on visual cues in the landscape [100 -102] .
The disruption of vision by lighting may even affect bat migration. The technological difficulties of tracking longrange movements in small animals mean that bat migration is poorly understood, but it is likely to involve a magnetic compass [103] [104] [105] . This may be calibrated by celestial references such as the sun or stars, or alternatively by reference to landscape features. The implications of different forms of light pollution are likely to depend on which mechanism dominates. For example, more migratory activity of P. nathusii has been recorded on clear compared with cloudy nights [106] , which suggests that interfering with the ability of bats to see the stars-whether by confusion with point light sources or by sky glow which obscures them-could affect navigation. Conversely, if navigation during migration largely relies on landscape 'map cues', then the effects of glare would be more important than sky glow. It is unclear whether bats, like birds and many other organisms, also use polarized light to aid long-distance navigation and to identify water bodies at night [107, 108] . However, it has recently been shown that polarization cues at sunset were used by M. myotis to calibrate a magnetic compass which was subsequently used for orientation during a homing experiment [109] . Given the recent increases in polarized light pollution, due to reflectance from shiny surfaces such as glass and solar panels, this area should be a priority for research.
The potential implications of light pollution for the conservation of bats are considerable, particularly for many of our rarer, specialist bats. Our own research shows that even common species formerly considered to use street lighting may in fact show unexpected avoidance, depending on the extent of vegetation cover. For bats such as N. leisleri, which in this study demonstrated a preference for lit areas of roadside, it is important to assess the risk of retinal damage through sustained exposure to short-wavelength light. The cumulative effects of lighting must therefore be considered alongside those of other current threats such as habitat loss, mortality at wind farms and agricultural intensification, and mitigated for appropriately. Lighting technology is evolving rapidly, and as well as presenting threats-in the form of more intense and cheaper lighting-it also offers opportunities. These range from reducing the absolute amount of light released into the environment, through 'smart' lighting controls, to altering spectral compositions by removing the most damaging wavelengths. For example, the UV component of artificial lighting is non-functional for humans and so could be removed without loss, while delivering potential benefits to a wide range of invertebrates and bats. Close collaboration between ecologists and lighting engineers is now required if these opportunities are to be realized.
Data accessibility. Records for the Car-based Bat Monitoring Scheme for the Republic of Ireland are provided to the National Biodiversity Data Centre (www.biodiversityireland.ie) and can be viewed on its mapping facility at a 1-km resolution. Data for Northern Ireland are submitted to CEDaR of the National Museums Northern Ireland (www.nmni.com/cedar). The relevant data for the English surveys are deposited in the Open Research Exeter archive https://ore.exeter. ac.uk/repository/. The R and Genstat scripts used to generate the analyses can be requested from the authors.
